Labneh is a semisolid dairy product made from set yogurt by removing a part of its whey. A comparison of the rheological properties of labneh made by mechanical and traditional methods is reported. The effects of shear rate (11.7071169 s À1 ) and temperature (5755 C) were studied using a cylindrical rotational viscometer. Labneh of the two methods exhibited shear-thining=thioxotropic behavior and a power-law model can best describe their flow behavior. Significant differences were observed between labneh samples of the two methods with respect to flow curve, consistency coefficient, apparent viscosity, activation energy and thioxo-
INTRODUCTION
Labneh is a concentrated fermented dairy product that is made from cow's milk. The product is popular in the Middle East where it plays a significant role in the components of the family diet. [1] It has a sharp acid taste and widely consumed at breakfast with bread and olive oil. [2] Texture of labneh is an important property that determines the identity and acceptability of the product. It is characterized by smooth and pasty texture with semisolid mass. [3] The total solids and fat contents of labneh produced by the traditional method were found to be 23725% and 8711%, respectively, [1] while the acidity was 1.472.8% and the pH ranged from 3.6 to 4.0. [4, 5] The overall characteristics of labneh depend on the method of manufacture. [6] Normally, labneh is produced by two methods; the traditional (manual) method and by the modern method, which is known as the mechanical method. In the traditional method, the whey is removed by straining of set yogurt in cloth bags, while in the mechanical method centrifugal and ultrafiltration techniques are used to remove the whey and concentrate the solids. [7] The mechanical method has developed quickly, because the traditional method is labor intensive and time consuming. [8711] The recent increase in the popularity of labneh in Europe has led to more interest in the texture of labneh, especially in relation to concentration techniques. Ozer et al. [7, 12, 13] have investigated the dynamic rheology of labneh produced by ultrafiltration and reverse osmosis membrane techniques.
The objectives of this research were: (1) to study the effect of manufacturing process on the rheological behavior of labneh, and (2) to determine the most appropriate rheological model for mechanical and traditional labneh and to develop equations to describe the effect of temperature on the apparent viscosity, the flow behavior index and consistency coefficient as well as the thioxotropic behavior of labneh.
MATERIALS AND METHODS

Labneh Samples
Commercial labneh samples were taken from three different producers in Jordan. All samples tested were produced from cow's milk and filled in 200 g press-to-close plastic containers. The first labneh sample was manufactured by ASRIA DAIRY Co. using the mechanical method in whey separation. The second and third labneh samples were produced by the traditional method and manufactured by MASOUD DAIRY Co. and IDHLEIL DAIRY Co., respectively. The samples were obtained no more than one day prior to testing.
In both methods, the concentrated product is manufactured from set yogurt, that is basically prepared from heated milk and yogurt starter cultures, thermophilic type, using the standard procedure of yogurt manufacture. In the traditional process, the product is concentrated by removing the whey by straining the acidified milk in muslin cloth bags. While, in the mechanical method, acidified skim milk is concentrated by using centrifugal separation process (separator) and then cream (40% fat) is added and mixed to produce the finished product.
Chemical Analysis
Moisture, total solids, ash, fat and pH were determined by the methods of the AOAC. [14] The chemical composition of labneh samples is given in Table 1 .
Rheological Measurements
The steady rheological properties of labneh were measured with a concentric cylinder viscometer (Haake VT 500) using MV1 system with a fixed outer cylinder and a rotating measuring bob. The radius of the inner rotating cylinder was 20.04 mm, the length of the cylinder 60 mm, and the gap width 0.96 mm. The apparent viscosity was measured as a function of shear rate, which was varied between 11.7071169 s À1 . For every point on the flow curves, a constant shear rate was applied. After a steady state (about 20 s) value of shear stress was attained, measurement of viscosity was carried out and recorded. The shear rates applied were in increasing order. Experiments on all samples were conducted at 5, 15, 25, 35, 45 and 55 C using a Haake circulator (Haake D8) to control temperature. In order to investigate the reproducibility of the results, two replicates were made for all experiments and the reproducibility was at 5% on average. 
RESULTS AND DISCUSSION
The three samples of labneh were chosen based on the followings: (1) the mechanical labneh and traditional labneh (1) have the same total solids. (2) The traditional labneh samples have different total solids (Table 1) .
Flow Curves Measurements
Experiments were performed on the three samples at 25 C to determine the dependence of the apparent viscosity of labneh on the shear rate. Figure 1 shows that the apparent viscosity of labneh decreases with increasing shear rate. The results show that labneh made by mechanical or traditional methods exhibits shear thinning behavior. This was expected since the same behavior was observed in many food products with total solids (TS) less than labneh such as soybean milk (TS ¼ 9716%) [15] and plain yogurt. [16] No significant difference in apparent viscosity between the samples can be noticed as shown in Fig. 1 .
The apparent viscosity of all samples as a function of shear rate was measured in the temperature range of 5755 C. The shear stress t is related to the shear rate _ g by
where Z is the apparent viscosity. Figure 2 show the typical flow curves of labneh in terms of shear stress vs. shear rate at different temperatures. The flow curves of labneh samples indicate that the shear stress-shear rate relationship was non-linear at all temperature levels. Different rheological models were used to describe the flow behavior of labneh samples: The Ostwald-De Waele (power-law) model:
where m is the consistency coefficient and n the flow behavior index, the Bingham model:
where t 0 is the yield stress, and the Herschel-Bulkley model:
These models were fitted using a non-linear regression method and the results show that the power-law model is the most appropriate model to describe the rheological behavior of labneh made by the two methods and appear to have zero yield stress. The power-law fit is shown in Fig. 2 and the regressed parameters are reported in Table 2 . These results are in consistent with the findings of Abu-Jdayil et al. [17] They found that the rheological behavior of labneh made by mechanical methods from another manufacturer obeys a power-law model. The flow behavior index (n) resulting from the fitting of the power law model was less than 1, indicating that labneh is a pseudo-plastic fluid, this was expected, since the apparent viscosity of labneh decreases with increasing shear rate as shown in Fig. 1 .
The shear thinning=pseudo-plastic behavior was expected since the texture of fermented milk products is affected by low physical bonds, electrostatic and hydrophobic interactions. [18] Therefore, the fall of apparent viscosity with shear rate could be attributed to the destruction of the forces at energy input rates of flow shear. The flow behavior index increased with increasing temperature as shown in Fig. 3 . The temperature effect on flow behavior index may be described by an equation of the form:
where T is temperature in C, and a and b are constants. This equation form indicates that the material behaves like a Newtonian fluid (n ¼ 1) at a very high temperature. The values of a and b for labneh samples are given in Table 3 . The linear dependence of (n) on temperature is in accord to other results reported for other food products like soybean milk. [15] Figure 3 indicates that for nearly the same total solids, the flow behavior index (n) values for mechanical and traditional labneh are almost the same. This suggests that the nature and type of the interaction forces in labneh produced by different techniques are similar. [7, 13] The figure also shows that the deviation from Newtonian behavior increases with increasing total solids in the traditional labneh sample. Others observed this behavior in different food products. [15, 19] On the contrary, the consistency coefficient (m) decreased with temperature as depicted in Fig. 4 . The equation proposed by Fernandez-Martin [20] for concentrated milk fits well the dependence of (m) on temperature:
where T is the temperature in C, and a, b and c are constants. The above exponential relation between m and T means that m (a measure of viscosity) approaches zero at very high temperature. The values of c for all samples tested were zero and the values of a and b are shown in Table 3 . Figure 4 shows that the consistency coefficient of traditional labneh is somewhat smaller than that of mechanical labneh at the same total solids. Comparing the traditional labneh samples reveals that (m) increased with increasing the total solids content. Similar behavior was seen with apple sauce and tomato juice, [19] with sweated condensed milk, [21] and with soybean milk. [15] Effect of Temperature on Viscosity
The apparent viscosity of all labneh samples exponentially decreased with increasing temperature at constant shear rate. This behavior is described by the Arrhenius relationship:
where E a is the activation energy of flow, R the gas constant, T is the temperature and Z 0 is the viscosity constant. The dependence of the activation energy on the shear rate is illustrated in Fig. 5 . The results show that E a is slightly decreased with shear rate. The activation energy of traditional labneh is greater than that of mechanical labneh, indicating that the viscosity of traditional labneh is more sensitive to temperature. This sensitivity decreased with increasing total solids. Similar results were reported for cloudy apple juice, [22] passion fruit concentration [23] and soybean milk. [15] 
Effect of Shearing Time on Viscosity
Time dependant apparent viscosity of labneh was measured at 25 C and at shear rate of 106 s À1 . As shown in Fig. 6 , labneh exhibits a thixotropic behavior where the apparent viscosity decreases with time under constant shear rate conditions. This behavior indicates that no equilibrium is estab- lished between the structural breakdown and reformation processes, such that the number of structural interactions decreases continuously with time. The Waltmann's model was used to describe the thixotropic behavior of labneh:
where, t is shear stress, t is time of shearing, A is the initial stress and B the coefficient of thixotropicity breakdown. As shown in Fig. 6 , the Waltmann's model fits well the thixotropicity of mechanical and traditional labneh (1), and with less degree the traditional labneh (2) (higher total solids). The values of A and B are given in Table 3 for all samples. It is worth to note that the thixotropicity of traditional labneh is greater than that of mechanical labneh, and the thixotropicity of traditional labneh increased with increasing the total solids. Thixotropicity increase with total solids was also observed in sweated condensed milk. [21] The results confirm that mechanical and traditional methods produce labneh with different strength physical bonds. [7, 24] 
CONCLUSIONS
The effect of manufacturing process on the rheological behavior of labneh was studied. The influence of temperature on the viscosity of labneh was also examined. At 25 C both mechanical and traditional labneh have the same flow curves. But significant differences were observed at different temperatures. Labneh form both processes exhibited shear-thinning=thixotropic behavior. The power-law model was found to be the suitable rheological model to express the behavior of labneh. The power-law model parameters are affected by temperature. Equations to describe the effect of temperature on rheological parameters (m, n) were also developed. The parameter (m) significantly decreased with temperature, while the parameter (n) slightly increased with temperature. For the same total solids, the mechanical and traditional labneh have nearly the same values of (n), while (m) values of mechanical labneh are somewhat greater. The activation energy of flow slightly decreased with shear rate. The activation energy data showed that the apparent viscosity of traditional labneh is more sensitive to temperature than mechanical labneh. This sensitivity decreased with increasing total solids. The thixotropicity of traditional labneh is greater than mechanical labneh, indicating that different methods of manufacture may be producing materials that have different space occupancy in the structure.
